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ABSTRACT 

Addit ions of 3% s i l i c o n  or manganese t o  Ni-20Cr reduced t h e  oxi- 

d a t i o n  ra te ,  whereas, add i t ions  of 1% had l i t t l e  e f f e c t .  Three percent  

s i l i c o n  a l l o y s  formed an inne r  s c a l e  of SiO,, and th ree  percent  mariga- 

nese a l l o y s  formed an inne r  s p i n e l  l aye r  of e s s e n t i a l l y  pure MnCr,O,. 

The exper imenta l ly  determined s o l i d - s t a t e  growth ra te '  of NiCr,O,  was 

about 1000 t i m e s  s lower than t h e  growth ra te  for Cr ,03 .  I t  has  been 

e s t a b l i s h e d  t h a t  t he  p r o t e c t i v e  l a y e r  on Ni-2OCr (Nichrome a l l o y s )  i s  

the  s p i n e l  and not  Cr ,03  as p rev ious ly  pos tu l a t ed .  S imi l a r  measurements 

f o r  t h e  growth of CoCr,O, showed t h a t  Cr,O, i s  t h e  p r o t e c t i v e  l a y e r  on 

Co-20Cr. Mechanisms for scale growth are given for both Ni-20Cr and 

Co-20Cr a l l o y s .  
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SUMMARY 

Contrary t o  e a r l i e r  s t u d i e s ,  i t  has been found t h a t  s p i n e l  l aye r s  

o f f e r  more p r o t e c t i o n  aga ins t  ox ida t ion  than  Cr,O, f i lms  on Ni-20Cr 

when t h e  s p i n e l  e x i s t s  between t h e  a l l o y  and t h e  Cr,O,. The r a t e s  of 

formation of such a layer a r e  about 1000 times slower than t h e  ra te  of 

formation of Cr,O,. An ou te r  s p i n e l  l a y e r  a l s o  e x i s t s  but o f f e r s  l i t t l e  

p ro t ec t ion .  The o u t e r  l aye r  forms by r e a c t i o n  of the couple NiO-Cr,O,, 

t he  N i O  being the  f i r s t  oxide t o  form, and the  Cr,O, t he  second. The 

r a t e - c o n t r o l l i n g  s t e p  i s  the  d i f f u s i o n  of chromium i n  N i O .  The t h i n  

l aye r  of N i O  permits  a build-up of chromium t o  t h e  s o l u b i l i t y  l i m i t ,  

followed by s p i n e l  formation.  The ou te r  s p i n e l  r e a d i l y  s p a l l s  o f f .  

Manganese add i t ions  ( p a r t i c u l a r l y  3%) reduce the  ox ida t ion  r a t e  by 

enabl ing a tenac ious ly  bound inner  s p i n e l  t o  form which is  e s s e n t i a l l y  

MnCr,04. 

S i l i c o n  add i t ions  a l s o  reduce the  ox ida t ion  r a t e  by means of a 

l aye r  of s i l i c a  ( a l p h a - c r i s t o b a l i t e )  t h a t  forms a t  the  oxide-metal i n t e r -  

f a c e .  Discontinuous l aye r s  formed i n  a l l o y s  conta in ing  1% s i l i c o n ,  

whereas nea r ly  continuous l aye r s  e x i s t e d  i n  a l l o y s  conta in ing  3% s i l i c o n .  

The o u t e r  l a y e r s  were highly s u s c e p t i b l e  t o  s p a l l i n g  upon cool ing .  

Sp ine l  l aye r s  i n  the  scales of Co-20Cr a l l o y s  were l e s s  p r o t e c t i v e  

than l a y e r s  of Cr,O, .  The COO formed very r a p i d l y  i n i t i a l l y  and subse- 

quent ly  r eac t ed  wi th  Cr,O,, which formed a t  a l a t e r  s t a g e .  The l a rge  

mass of COO t h a t  ex i s t ed ,  as we l l  as the much more r ap id  r a t e  of CoCr,O, 

formation compared t o  the  ra te  of Cr,O, growth, r e s u l t e d  i n  t h e  Cr,O, 

being used up f a s t e r  than  it  formed. This  behavior was oppos i te  t h a t  

observed i n  N i - C r  a l l o y s .  

Manganese add i t ions  s l i g h t l y  reduced t h e  ox ida t ion  r a t e ,  as we l l  

a s  t he  s o l i d - s t a t e  growth rate of s p i n e l .  However, t h e  s p i n e l  s t i l l  

formed f a s t e r  than  new Cr,O,, and hence the  p r o t e c t i v e  l aye r  of Cr,O, 

was used up. 
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S i l i c o n  a d d i t i o n s  reduced the  oxida t ion  r a t e ,  but t he  layers were 

h ighly  s u s c e p t i b l e  t o  s p a l l i n g  upon cool ing  as w e l l  a s  during isothermal  

ox ida t ion ,  The s c a l e s  contained both s p i n e l  and Co,SiO,. The or tho-  

s i l i c a t e  was p re sen t  as  i s o l a t e d  p a r t i c l e s  and d id  rlot o f f e r  a continuous 

p r o t e c t i v e  f i l m  pe r  s e .  The reduced oxida t ion  r a t e  w a s  a s soc ia t ed  w i t h  

a t h i n  inner  f i l m  of Cr,O, ,  

2 



INTRODUCTION 

Commercial, h igh temperature,  ox ida t ion  r e s i s t a n t  a l l o y s  a r e  

gene ra l ly  e i t h e r  n i c k e l  or cobal t  base and con ta in  10 t o  20% chromium. 

The chromium is added p r imar i ly  t o  impart ox ida t ion  r e s i s t a n c e ,  Nearly 

a l l  n i c k e l  and c o b a l t  a l l o y s  con ta in  small amounts of both s i l i c o n  and 

manganese a s  r e s i d u a l  impur i t ies ,  t he  amounts u sua l ly  ranging from 

about 0 .5  t o  2%. 

Ni-20Cr and Co-20Cr, which a r e  t h e  s t a r t i n g  compositions t o  which o t h e r  

add i t ions  a r e  made, is  we l l  known, the  e f f e c t s  of the impur i t i e s  a r e  

poorly def ined.  

Although the  ox ida t ion  behavior of the  b inary  a l l o y s  

Hickman and Gulbransen' observed a s i x f o l d  increase  i n  t h e  l i f e t i m e  

of Nichrome-type heat ing elements a s  t he  manganese conten t  was lowered 

from 1.70 t o  0.01% and the s i l i c o n  content  was r a i s e d  from 0.3 t o  1.39%. 

C r y s t a l  s t r u c t u r e  s t u d i e s  of f i l m s  formed on the  a l l o y s  showed t h a t  t he  

low manganese-high s i l i c o n  a l l o y  formed Cr,O, predominantly but t h a t  

the  high manganese-low s i l i c o n  a l l o y  formed a s i g n i f i c a n t  amount of 

MnCr,04 s p i n e l  i n  a d d i t i o n  t o  N i O  and Cr,Q,. The s h o r t e r  l i f e t i m e  and 

poorer ox ida t ion  r e s i s t a n c e  of t h e  high manganese a l l o y  were assoc ia ted  

with t h e  presence of t he  manganese s p i n e l .  High manganese con ten t s  

were not  n e c e s s a r i l y  de t r imen ta l  i f  s u f f i c i e n t  amounts of s i l i c o n  were 

present  t o  coun te rac t  the e f f e c t  of manganese. 

Sugiyama and Nakayama' examined t h e  s c a l e s  formed by ox ida t ion  of 

Nichrome conta in ing  from 0 .5  t o  1.5% s i l i c o n  over the  range of 700 t o  

900°C. No evidence of s i l i c a  was found i n  the  s c a l e s  t h a t  had been 

s t r i p p e d  from the  metal .  However, hea t ing  of t hese  s c a l e s  a t  2OO0C 

f o r  t h r e e  hours r e s u l t e d  i n  the  presence of a l p h a - c r i s t o b a l i t e  i n  the  

X-ray p a t t e r n .  Thei r  i n t e r p r e t a t i o n  of t hese  r e s u l t s  was t h a t  amorphous 

s i l i c a  formed dur ing  oxida t ion  but  t h a t  i t  c r y s t a l l i z e d  upon hea t ing  

a t  a temperature higher  than  t h a t  of the  dx ida t ion  run.  The s c a l e s  

gene ra l ly  cons i s t ed  of Cr,O, and s p i n e l s .  

3 



Subsequent work by Gulbransen and ~ 6 w o r k e r s ~ ~ ~  was performed i n  

o r d e r  to  de f ine  t h e  r o l e  of both s i l i c o n  and manganese i n  t h e  ox ida t ion  

behavior of Nichrome-type hea te r  a l l o y s .  Most of t h e i r  d a t a  were 

obtained a t  "low" temperatures i n  t h e  range of 400 t o  900°C (a l though 

a few runs were made a t  temperatures  up t o  l l O O ° C )  and f o r  s h o r t  t i m e s  

of up t o  about 400 minutes. Severa l  i n t e r e s t i n g  observa t ions  were made, 

but they concluded t h a t  the exac t  r o l e  of t h e s e  elements was s t i l l  

unknown. 
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EXPERIMENTAL PROCEDURES 

Sample P repa ra t ion  

High-purity nicke1(99.97%) , chromium (99.95%) , and coba l t  (99.9%) 

were used f o r  t h e  base a l loys ;  s i l i c o n  (99.99%) and manganese (99.0%) 

were added. Two hundred gram but tons  were t r i p l e  arc-melted on a 

water-cooled copper hea r th  i n  an i n e r t  a r c  furnace .  The but tons  were 

turned over before  each  remel t .  The argon atmosphere w a s  g e t t e r e d  by 

melt ing a zinconium bu t ton  and allowing it t o  r e a c t  wi th  r e s i d u a l  

oxygen and n i t rogen .  

The but tons  were hot - ro l led  a t  95OoC t o  20-mil shee t  ( f o r  s i x  of 

the  a l l o y s ) ,  which w a s  sand-blasted t o  remove su r face  oxides.  The 

hot - ro l led  shee t  w a s  cold-Tolled t o  1 1 - m i l  shee t  and vacuum-annealed 

f o r  one hour a t  95OoC. 

t o  50-mil shee t ,  sand-blasted,  co ld- ro l led  t o  30-mil shee t ,  and vacuum- 

annealed a s  above. Chemical ana lyses  of t he  a l l o y s  a r e  l i s ted  i n  

Table I .  

The o t h e r  f o u r  a l l o y s  were hot - ro l led  a t  950°C 

Oxidation samples were sheared and d r i l l e d ,  re-annealed, and 

e l ec t ropo l i shed  i n  a s o l u t i o n  of 60% H3P04-40% H,SO, conta in ing  10 gm 

C r O , / l i t e r .  The samples were r in sed ,  dr ied ,  and weighed and measured. 

Oxidat ion T e s t s  

Thermogravimetric t e s t s  were performed mostly i n  t h e  Cahn recording 

microbalance shown schemat ica l ly  i n  Fig.  1. Because of the small  sample 

s i z e  and the  high s e n s i t i v i t y  of the  balance,  convect ion c u r r e n t s  

markedly a f f ec t ed  t h e  r e s u l t s  and so i t  w a s  necessary t o  perform the  

ox ida t ion  tests i n  a c losed s y s t e m  a t  an oxygen p a r t i a l  p ressure  of 

0 .21  atm. 

A few of the  samples were t e s t e d  by making continuous measurements i n  

a i r  on a bottom-weigh Ainsworth balance mounted above a v e r t i c a l  furnace.  

Larger samples could be measured by t h i s  method than i n  the Cahn balance.  

5 



Table I 

CHEMICAL ANALYSES OF ALLOYS 

Allov Designation 

Percent by Weight* 

Cr 

Ni-20Cr 

Ni-2OCr- 1Mn 

Ni-20Cr-3Mn 

Ni-20Cr-1Si 

Ni-20Cr-3Si 

Co-2OCr 

Co- 20Cr- 1Mn 

Co-20Cr-3Mn 

Co-20Cr-1Si 

Co-20Cr-3Si 

19.28 
19.27 

19.17 
19.17 

19.15 
19.10 

19.18 
19.18 

18.90 
18.97 

19.45 
19.41 

19.54 
19.62 

19.13 
19.17 

19.73 
19.72 

19.52 
19.48 

Si 

0.034 
0.016 

0.047 
0.062 

0,100 
0,055 

1.07 
0.89 

2.91 
2.81 

0.031 
0.014 

0.024 
0.019 

0.029 
0.021 

0.93 
0.88 

2.99 
2.90 

Mn 

0.001 

0.99 
0.81 

2.85 
2.78 

0.001 

0,006 

0.036 

0.82 
0.75 

2.41 
2.48 

0.01 

0.126 
0.100 

Ni co 

Balance 

Balance 

Balance 

Balance 

Balance 

- 

- 

- 

- 

- 

- 

- 

- 

Balance 

Balance 

Balance 

Balance 

Balance 

*Duplicate analyses. 

6 



MANOMETER 

CAHN RG 
E LECTROBALANCE 

Pt/Pt-10 Rh v y v  TO 

-FURNACE 

VACUUM 

OXYGEN 

TA-6684-32 

FIGURE 1 SCHEMATIC DIAGRAM OF CAHN THEFbMOGRAVlMETRIC APPARATUS 
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Analyses of Oxide Films 

Conventional metal lographic ,  X-ray d i f f r a c t i o n ,  and e l e c t r o n  micro- 

probe techniques were employed t o  cha rac t e r i ze  the  oxides formed. One 

nonconventional technique was a l s o  used f o r  X-ray d i f f r a c t i o n .  This  

cons is ted  o f  d i s so lv ing  the  metal  s u b s t r a t e  of the a l l o y s  i n  a s o l u t i o n  

of e t h y l  a c e t a t e  with 10% bromine a t  75OC. The oxides  were not  a t tacked 

and were co l l ec t ed ,  cleaned, and subjec ted  t o  var ious d i f f r a c t i o n  t e s t s .  

This  technique was p a r t i c u l a r l y  u s e f u l  for i d e n t i f y i n g  those  oxides  t h a t  

d id  not  spa11 from the  sample. Spal led oxides  were simply co l l ec t ed  and 

subjec ted  t o  a Debye-Scherrer a n a l y s i s .  

8 



RESULTS 

Thermogravimetric Analyses 

The k i n e t i c s  of ox ida t ion  were determined by measuring weight 

change a s  a f u n c t i o n  of t i m e .  These measurements a r e  shown i n  

F igs .  2-9 on log-log p l o t s .  I t  must be emphasized t h a t  t hese  p l o t s  

a r e  used s o l e l y  t o  po r t r ay  a wide range of t i m e s .  'There i s  no con- 

nec t ion  between a given s lope  on the  log-log p l o t  and any of t he  

accepted r a t e  l a w s ,  The reasons for t h i s  a r e  t h e  extreme he t rogenei ty  

of t he  oxide l aye r s  and the  f a c t  t h a t  numerous oxides  form; hence any 

a t tempts  t o  a s s ign  r a t e  l a w s  t o  these  curves is  inhe ren t ly  wrong. 

Previous d a t a  appearing i n  the  l i t e r a t u r e  do not  fol low the  pa rabo l i c  

r a t e  law. 

The k i n e t i c s  curves  for t h e  coba l t  a l l o y s  i n d i c a t e  t h a t  consider-  

ab le  s p a l l i n g  occurred during i so thermal  oxidat ion;  thus  i t  i s  d i f f i c u l t  

t o  make comparisons between t h e  var ious  a l l o y s  o t h e r  than  dur ing  the  

i n i t i a l  s tages ,  which were w e l l  behaved. The a d d i t i o n  of s i l i c o n  t o  

Co-20Cr appeared to  be b e n e f i c i a l  a t  t h e  higher  temperatures,  e.g., 

12OO0C, i n  t h a t  t h e  weight ga ins  a t  any g iven  t i m e  were cons iderably  

lower than  f o r  t h e  undoped or manganese-containing a l l o y s .  The a l l o y  

wi th  1% s i l i con  s p a l l e d  dur ing  t h e  i so thermal  oxida t ion ,  and both 

a l l o y s  s p a l l e d  ex tens ive ly  dur ing  cool ing.  

The same problem ex i s t ed  f o r  some of t he  nickel-base a l loys ,  

depending upon temperature and type  of sample. For example, l a r g e  

samples having a su r face  a r e a  of about 0.1 t o  0.2 d m 2  d id  not  s p a l l  

or s p a l l e d  t o  a minor e x t e n t .  On the  o the r  hand, the  s m a l l  samples 

having su r face  a reas  of about 0.03 t o  0.05 dm2 spa l l ed  ex tens ive ly  a t  

temperatures  below 12OO0C. Spa l l ing  w a s  a s soc ia t ed  wi th  the  "edge 

e f f e c t , "  which of course w a s  more preva len t  i n  the  smal l  samples. 

The oxide f i lms  were gene ra l ly  s u f f i c i e n t l y  p l a s t i c  a t  120OoC t o  def orin 

and t o  r e l i e v e  the  s t r e s s e s .  Ni-ZOCr-3Si s p a l l e d  s l i g h t l y  a f t e r  long 

t i m e s  a t  1 . 2 0 0 ~ ~ .  
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The 120OOC data  i n d i c a t e  t h a t  the  a d d i t i o n  of s i l i c o n  t o  Ni-20Cr 

reduces the ox ida t ion  r a t e ,  I t  appears  t h a t  a t  l l O O ° C  manganese 

reduces the  r a t e ,  a l though both a l l o y s  conta in ing  manganese spa l l ed  

a t  t h i s  temperature,  and i t  i s  p o s s i b l e  t h a t  s p a l l i n g  a t  the  e a r l i e s t  

s t a g e s  may have occurred.  I f  t h i s  happened, t he  conclusion t h a t  manga- 

nese reduces t h e  ox ida t ion  ra te  would be wrong. I n  o t h e r  words, t h e  

s p a l l i n g  problem is  s u f f i c i e n t l y  severe  t h a t  t h e  d a t a  a t  1000° and 

l l O O ° C  a r e  suspec t ,  and i t  is  dangerous t o  make any f i r m  conclus ions ,  

A l s o ,  as w i l l  be shown subsequently,  t he  f i l m s  a r e  very hetrogenous, 

and i t  i s  not even poss ib l e  t o  d i s c e r n  which f i lms  were the  t h i c k e s t .  

The e f f e c t  of temperature on the  ox ida t ion  of Ni-20Cr i s  shown i n  

F ig .  8. These d a t a  were obtained on s m a l l  samples, and f o r  some unknown 

reason no s p a l l i n g  -occurred on any of t he  t h r e e  samples. X-ray ana lyses  

of t he  oxides were made a t  var ious  t i m e s  and a r e  ind ica t ed  on the  p l o t s .  

The e f f e c t s  of s i l i c o n  and manganese a t  a given temperature a r e  

compared i n  F ig .  9.  Since none of these  samples exh ib i t ed  s p a l l i n g ,  

i t  can be concluded t h a t  a l l o y s  conta in ing  s i l i c o n  oxid ize  l e s s  during 

t h e  ear ly  s t a t e s  than  do a l l o y s  conta in ing  manganese. A l l  the  a l l o y s  

were cha rac t e r i zed  by very r ap id  weight ga ins  almost immediately upon 

exposure t o  the  ox id iz ing  environment followed by a very low r a t e  of 

change. The f i lms  t h a t  formed d id  so  r a p i d l y  and were then  p r o t e c t i v e .  
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Metallography and Elec t ron  Microprobe Analyses 

Cobalt  Allovs 

The s c a l e s  formed on the  cobal t -base a l l o y s  were extremely hetero- 

geneous and were dependent upon both t h e  l o c a t i o n  on t h e  sample and t h e  

temperature.  A macrograph of the "dogbone" type of s c a l e  i s  shown i n  

F ig .  10. For example, a t  high temperatures,  the  f l a t  p a r t s  of t he  

samples oxidized t o  form t h i n ,  compact s c a l e s  ( F i g .  l l a ) ,  but  the  ends 

formed extremely t h i c k  s c a l e s  with an inne r  p o r t i o n  t h a t  appeared t o  

be porous ( F i g .  l l b ) ,  The o u t e r  po r t ion  of the  ends was COO, and the  

inne r  po r t ion  was a mixture of COO, sp ine l ,  and coba l t  s i l i c a t e  on 

a l l o y s  conta in ing  s i l i c o n .  The o u t e r  po r t ion  of COO on the  a l l o y s  con- 

t a i n i n g  manganese a l s o  contained a manganese-rich phase ( t h e  l i g h t  

po r t ion  i n  F ig .  11). 

Simi la r  s t r u c t u r e s  a r e  shown i n  F igs .  12 and 13 f o r  Co-20Cr and 

Co-20Cr-1Mn re spec t ive ly .  The only s i g n i f i c a n t  d i f f e rence  between the  

s c a l e s  on Co-20Cr-1Mn and those  formed on Co-20Cr-3Mn i s  the  absence of 

the manganese-rich phase i n  the  COO i n  t he  former. Apparently t h e  

c r i t i c a l  manganese conten t  f o r  p r e c i p i t a t i o n  of t h i s  phase is  between 

1 and 3% Mn, which probably r ep resen t s  t he  s o l u b i l i t y  l i m i t  f o r  manga- 

nese i n  COO t h a t  con ta ins  some chromium i n  s o l u t i o n .  

The s c a l e s  on Co-20Cr-1Si were b a s i c a l l y  the  same as  the th i ck ,  

duplex s c a l e s  on Co-2OCr and the  a l l o y s  conta in ing  manganese. An 

except ion i n  the  former was the  presence of c o b a l t  s i l i c a t e ,  which i s  

c l e a r l y  seen i n  Fig.  14 a s  dark  p a r t i c l e s  s l i g h t l y  below the  ou te r  COO 

po r t ion .  On t h e  o t h e r  hand, t h e  a l l o y  conta in ing  3% s i l i c o n  exhib i ted  

th ree  types  of s c a l e s .  The f i r s t  type was s i m i l a r  t o  the  t h i c k  duplex 

s c a l e s  formed on the  o the r  a l l o y s  except t h a t  t h e  formation 

of the  o u t e r  COO l a y e r  was d e f i n i t e l y  r e t a rded .  The second type 

( F i g .  15a) was a h ighly  undulat ing,  t h i n  f i lm .  Large r idges  formed 

during oxida t ion ,  and the  s c a l e  tended t o  fol low the  r idges  but  was not 

t i g h t l y  adherent .  These a l l o y s  spa l l ed  ex tens ive ly ;  thus  t h e r e  i s  the  
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FIGURE 10 MACROGRAPH OF Co-20Cr-3Mn OXIDIZED 1 WEEK 
AT llOO°C SHOWING HETROGENEOUS NATURE 
OF SCALE ("Dogbone" Structure) 
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FIGURE 11 MICROGRAPHS OF SCALE FORMED ON SAMPLE SHOWN 
IN FIGURE 10 (Co-20Cr-3Mn oxidized 1 week a t  llOO°C) 
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(a) THIN, COMPACT PORTION FROM FLAT SURFACES 
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(b) THICK, DUPLEX PORTION AT ENDS 

FIGURE 12 MICROGRAPHS OF SCALES FORMED ON Co-20Cr 
OXIDIZED FOR 2 WEEKS AT 1200°C 
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(a) THIN, COMPACT PORTION FROM FLAT SURFACE 

(bJ THICK, DUPLEX PORTION AT ENDS 

FIGURE 13 MICROGRAPHS OF SCALES FORMED ON Co-20Cr-1Mn 
1 Week a t  12OO0C and (b) 1 Week OXIDIZED FOR (a) 

at  I IOOOC 
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(a) EXAMPLE OF HIGHLY IRREGULAR SCALE SHOWING "UNDULATING" 
MORPHOLOGY. Oxidized 3 weeks at 1100* C. 

(b) UNIFORM SCALE SHOWING INTERNAL OXIDATION. Oxidized 
1 week at 1200' C. 

FIGURE 15 VARIOUS TYPES OF SCALES FORMED ON Co-20Cr-3Si 
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p o s s i b i l i t y  t h a t  t h e  s c a l e  shown i n  F i g ,  15a was an inne r  l a y e r  which 

was t h e  s o l e  remnant of t h i c k e r  s c a l e ,  most of which w a s  l o s t .  The 

t h i r d  type, F ig .  15b was much more uniform than  t h e  type -2 and a l s o  

involved an i n t e r n a l  oxide below t h e  s c a l e  which was i d e n t i f i e d  a s  

Co,SiO,. 

The r e s u l t s  of e l e c t r o n  microprobe ana lyses  a r e  shown a s  composite 

X-ray images along wi th  t h e  backsca t te red  e l e c t r o n  image micrographs i n  

F ig .  16-19. Three of t h e  composites a r e  f o r  t h e  t h i c k  duplex l aye r s  

and one i s  of a compact l aye r .  The duplex l a y e r  on Co-20Cr c o n s i s t s  of 

an o u t e r  COO zone which is  very dense and which con ta ins  comparatively 

l i t t l e  chromium i n  s o l u t i o n .  A s  w i l l  be shown subsequently, t h i s  

behavior i s  q u i t e  d i f f e r e n t  from t h a t  of t h e  n i c k e l  a l l o y s .  The inner  

p o r t i o n  of t h e  duplex l a y e r  i s  two-phase, a mixture of COO and t h e  

s p i n e l ,  CoCr,O,. Both t h e  micrographs and t h e  backsca t te red  e l e c t r o n  

image p i c t u r e  show much p o r o s i t y .  However, c e r t a i n  a reas  of the  two- 

phase zone a r e  f u l l y  dense, and i t  i s  s t r o n g l y  thought t h a t  t he  

apparent p o r o s i t y  was c rea t ed  dur ing  meta l lographic  p o l i s h i n g  r a t h e r  

than  dur ing  ox ida t ion .  

The duplex reg ion  of t h e  scales t h a t  formed on t h e  a l l o y s  con- 

t a i n i n g  s i l i c o n  had c o b a l t  s i l i c a t e  present ,  a s  wel l  as COO and 

CoCr,O,. There was a l s o  a s i l i c o n - r i c h  p h a s e ' a t  t h e  extreme ou t s ide  

( a t  t h e  COO o u t e r  e x t r e m i t y ) .  Th i s  phase appeared t o  be pure s i l i c a  

i n  t h e  s c a l e  of Co-20Cr-lSi, a s  can be seen by t h e  l ack  of coba l t  i n  

t h i s  a r ea  ( F i g .  18) .  

The compact l a y e r  shown i n  F ig .  19 w a s  a l s o  duplex, c o n s i s t i n g  of 

an inne r  Cr,O, f i l m  under a Co-Mn-Cr s p i n e l .  A l i n e  t r a v e r s e  of t h i s  

s c a l e  i s  given i n  F ig .  20. The base a l loy ,  Co-20Cr, formed a s i m i l a r  

s c a l e ,  except t h a t  no manganese e x i s t e d  ( F i g s .  12a and 21 ) .  The o u t e r  

COO spa l l ed  of f  most of t h e  samples. The l i n e  t r a v e r s e  of t he  Co-20Cr 

a l l o y  s c a l e  revea led  only the  Cr,O, i nne r  zone and an o u t e r  zone of 
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BACK-SCATTERED 
ELECTRON IMAGE 

Co-Ka 
X-RAY IMAGE 

Cr-Ka 
X-RAY IMAGE 

FIGURE 16 ELECTRON MICROPROBE ANALYSIS OF SCALE FORMED ON Co-20Cr 
OXIDIZED 2 WEEKS AT 12OO0C 
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BACK-SCATTE RED 
ELECTRON IMAGE 

Co-Ka 
X-RAY IMAGE 

Cr-Ka 
X-RAY IMAGE 

FIGURE 17 ELECTRON MICROPROBE ANALYSIS OF SCALE FORMED ON Co-20Cr-1Si 
OXIDIZED 2 WEEKS AT 1200°C 
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Cr-Ka 
X-RAY IMAGE 

FIGURE 18 ELECTRON MICROPROBE ANALYSIS OF SCALE FORMED 
ON Co-20Cr-3Si OXIDIZED 2 WEEKS AT 1200°C 
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BACK-SCATTE RED 
ELECTRON IMAGE 

CO-K, X-RAY IMAGE 

Cr-K, X-RAY IMAGE Mn-K, X-RAY IMAGE 

FIGURE 19 ELECTRON MICROPROBE ANALYSIS OF SCALE FORMED ON Co-20Cr-3Mn 
OXIDIZED 1 WEEK AT 12OO0C 
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FIGURE 20 CONCENTRATION PROFILE ACROSS SCALE FORMED ON Co-20Cr-3Mn 
OXIDIZED 1 WEEK AT 120OoC 
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TA-7359-71 

FIGURE 21 CONCENTRATION PROFILES ACROSS SCALE FORMED 
ON C O - ~ O C ~  OXIDIZED 2 WEEKS AT 12oo0c 
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s p i n e l .  This  p a r t i c u l a r  sample w a s  the  only one t h a t  showed compo- 

s i t i o n a l  changes i n  t h e  s u b s t r a t e  immediately below t h e  s c a l e .  There 

was a s l i g h t  chromium enrichment and a c o b a l t  deple t ion ,  which i s  

oppos i te  the behavior t h a t  one would expect .  

Nickel  Alloys 

Sca les  formed dur ing  ox ida t ion  of a l l  the  nickel-base a l l o y s  were 

of t he  compact type.  No th ick ,  duplex s c a l e s  were ever  observed. 

However, t he re  were some notab le  d i f f e rences ,  a s  wel l  a s  some s i m i l a r i -  

t i e s ,  of these  s c a l e s  compared t o  those formed on the coba l t  a l l o y s .  

Extensive s p a l l i n g  occurred, and almost without exception, t h e  ou te r  

N i O  l a y e r  was l o s t .  The micrographs almost always showed the  Cr,O, 

l aye r s  i n t a c t ,  wherea-s the  s p i n e l  l a y e r  s p a l l e d  although not  a s  exten- 

s i v e l y  a s  t he  N i O  l aye r .  

Sca les  on the  base a l loy ,  Ni-20Cr, a r e  shown i n  F ig .  22. An 

example of a uniform Cr,O, f i l m  is  given i n  Fig.  22a ( t h e  s p i n e l  and 

N i O  l aye r s  s p a l l e d  o f f ) ,  and an example of a more i r r e g u l a r  s c a l e  i s  

shown i n  F ig .  22b ( a  small p o r t i o n  of the  s p i n e l  i s  v i s i b l e ) .  The 

d i f f e r e n c e  between these  two s c a l e s  i s  f u r t h e r  shown i n  F ig .  23, which 

gives  the  e l e c t r o n  microprobe l i n e  t r a v e r s e s .  Figure 23a i s  the  s c a l e  

formed a t  1200°C and shows only  a l aye r  of Cr,O,. 

s c a l e  formed a t  l l O O ° C  and shows a sandwich of Cr ,03  between an o u t e r  

s p i n e l  l aye r  and a very th in ,  i nne r  s p i n e l  l a y e r .  

F igure  23b i s  t he  

Nickel  Alloys Containihg Manganese 

The presence of manganese i n  the  alloy d e f i n i t e l y  enhanced the  

formation of s p i n e l s  i n  the  oxide.  Figure 24 c l e a r l y  shows t h e  s p i n e l s  

i n  scales formed on both the  1 and 3% manganese a l l o y s .  

d i f f e r e n c e  between t h e  a l l o y s  conta in ing  two l e v e l s  of manganese is 

t h a t  t he  higher  manganese content  l eads  t o  ex tens ive  s p i n e l  formation 

ad jacent  to t he  s u b s t r a t e .  The undoped Ni-20Cr a l l o y  formed only a 

The main 
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(a) UNIFORM SCALE OF Cr203 (NiO SPALLED COMPLETELY). Oxidized 
1 week 1200° C. 

NiO (and/or NiCr204) C r P 3  

TA-7359-75 

(b) IRREGULAR METAL-SCALE INTERFACE. Cr203 scale with some NiO 

retained on outer portion. Oxidized 3 weeks llOOo C. 

FIGURE 22 SCALES FORMED ON Ni-20Cr 
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(a) OXIDIZED 2 WEEKS 1200' c (b) OXIDIZED 3 WEEKS 1100' C 

TA-7359-74 

FIGURE 23 CONCENTRATION PROFILES OF SCALES FORMED ON Ni-20Cr 
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(a) SCALE FORMED ON Ni-2OCr-1Mn OXIDIZED 1 WEEK 120OOC 

. e 

(b) UNIFORM SCALE FORMED ON Ni-20Cr-3Mn OXIDIZED 3 WEEKS 1200° C. 

TA-7359-84 - I  loop 
. '  % .lasx- 

(e) IRREGULAR SCALE FORMED ON Ni-2OCr-3Mn OXIDIZED 3 WEEKS 
12OO0C (same sample as (b). 

FIGURE 24 SCALES FORMED ON Ni-20Cr CONTAINING MANGANESE 
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t r a c e  of the  inne r  s p i n e l  during th ree  weeks ox ida t ion  a t  l l O O ° C  and 

no s p i n e l  dur ing  two weeks of ox ida t ion  a t  12OO0C. 

an inne r  s p i n e l  l a y e r  formed on Ni-20Cr-3Mn which was as t h i c k  a s  the  

Cr,O, l aye r s  i n  some cases  ( F i g .  24c ) .  One percent  manganese was not  

s u f f i c i e n t  t o  a l t e r  the  behavior of Ni-2OCr; t he  s c a l e s  were nea r ly  

i d e n t i c a l  f o r  a l l o y s  wi th  and without 1% Mn. 

On the  o t h e r  hand, 

X-ray image micrographs and concen t r a t ion  p r o f i l e s  f o r  both 

manganese-containing a l l o y s  a r e  shown i n  F igs .  25-28. The p r o f i l e  i n  

F ig .  27a i n d i c a t e s  t h a t  an i s l a n d  of s p i n e l  e x i s t e d  wi th in  the  N i O  

ou te r  l aye r .  The t h i n  l a y e r  of s p i n e l  t h a t  formed between the  N i O  

and Cr,O, i s  a l s o  apparent .  A much t h i c k e r  s p i n e l  l a y e r  formed adjacent  

t o  t h e  Cr,O, i n  t he  Ni-20Cr-1Mn a l l o y  oxidized f o r  t h ree  weeks a t  

l l O O ° C .  Although no'NiO w a s  de t ec t ed  i n  t h i s  p a r t i c u l a r  a rea ,  t he re  

were very  small  remnants of N i O  i n  o t h e r  a reas ;  most of the N i O  spa l l ed  

from t h i s  a l l o y .  The v a r i a t i o n  i n  manganese conten t  between the two 

s p i n e l s  formed on Ni-20Cr-3Mn can be seen i n  F ig .  28. The outermost 

s p i n e l  contained more manganese and cons iderably  l e s s  chromium than 

the inne r  s p i n e l .  

One o t h e r  observa t ion  of i n t e r e s t  should be noted.  Under most 

ox id i z ing  condi t ions ,  t h e  Ni-20Cr-3Mn a l l o y  formed an i n t e r n a l  oxide 

phase which was shown by X-ray d i f f r a c t i o n  t o  be of t he  'q-Fe,W,C type 

s t r u c t u r e .  This phase, shown i n  F ig .  29, w a s  found by e l e c t r o n  micro- 

probe analyses  t o  con ta in  v i r t u a l l y  no manganese. The probable compo- 

s i t i o n  i s  Ni,Cr,O.  The phase was f a i r l y  massive and ex i s t ed  throughout 

the sample. I t  w a s  i n  no way comparable t o  t h e  types of oxide normally 

a s soc ia t ed  wi th  i n t e r n a l  ox ida t ion ,  e .g . ,  a l a y e r  of very f i n e  p a r t i c l e s  

of t he  more a c t i v e  component ly ing  j u s t  below the  e x t e r n a l  f i lm .  

Nickel Alloys Containing S i l i c o n  

The oxida t ion  of t hese  a l l o y s  was cha rac t e r i zed  by the  formation 

of s i l i c a  ( a l p h a - c r i s t o b a l i t e )  i n  t h e  s c a l e s  between the  a l l o y  and a 

l aye r  of Cr,O,(Fig. 3 0 ) .  The amount of s i l i c o n  i n  the  1% a l l o y  was 
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MICROGRAPH Cr-Ka 

X-RAY IMAGE 

Ni-Ka 

X-RAY IMAGE 

Mn-Ka 

X-RAY IMAGE 

FIGURE 25 ELECTRON MICROPROBE ANALYSIS OF SCALE FORMED ON Ni-20Cr-1Mn 
OXIDIZED 2 WEEKS AT 12OO0C 
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Cr-K, 

X-RAY IM AGE 

Ni-K, 

X-RAY IMAGE 

Mn-K, 

X-RAY IMAGE 

FIGURE 26 ELECTRON MICROPROBE ANALYSIS OF SCALE 
FORMED ON Ni-20Cr-3Mn OXIDIZED 1 WEEK 
AT 12OO0C 
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FIGURE 27a CONCENTRATION PROFILES IN SCALES FORMED ON Ni-20Cr-1Mn 
OXIDIZED 2 WEEKS AT 12OO0C 
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FIGURE 

TA-7359-69 

27b CONCENTRATION PROFILES IN SCALES FORMED ON Ni-20Cr-lMn 0 
3 WEEKS AT llOO°C 

41 



42 



FIGURE 29 INTERNAL PHASE FORMED DURING 
OXIDATION OF Ni-20Cr-3Mn HAVl NG 
E9, STRUCTURE (q-Fe3W3C type) 
AND PROBABLE COMPOSITION OF 
Ni,Cr,O. No manganese was detected 
in this phase by microprobe analysis. 
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Cr203 

SiO, 

ALLOY 

(a) Ni-20Cr-1Si OXIDIZED 2 WEEKS AT 1200'L. Nearly complete layer 
of Si02 between Cr203 and metal. 

SPINEL 

cr203 

SO2 

ALLOY 

(b) Ni-MCr-1Si OXIDIZED 1 WEEK AT 1200° C. Isolated particles of SiOT 

"2'3 

SO2 

-ALLOY 

(c) Ni-2OCr-BSi OXIDIZED 1 WEEK 1200'C. Continuous film of Si02 
between metal and Cr203 lagsr. 

t TA-7359-87 
.a 

(d) Ni-MCr-3Si OXIDIZED 2 DAYS AT 1000" C. Three phase film showing 
no SO2. 

FIGURE 30 STRUCTURES OF SCALES FORMED ON Ni-20Cr 
CONTAINING SILICON 
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gene ra l ly  i n s u f f i c i e n t  t o  form a continuous f i l m  of s i l i c a ,  whereas a 

continuous f i l m  of s i l i c a  formed i n  the  s c a l e s  of a l l o y s  conta in ing  

3% s i l i c o n .  I t  apparent ly  requi red  cons iderable  time f o r  t he  s i l i c a  

t o  form, a s  can be seen  from the  scale formed during two days oxida- 

t i o n  a t  1000°C ( F i g .  30d) .  Although s i l i c o n  is  very r e a c t i v e  toward 

oxygen, t he  formation of SiO, i n  t h e  scale r equ i r e s  d i f f u s i o n  of s i l i c o n  

i n  t h e  a l l o y  t o  the  s c a l e .  Hence high temperatures and/or long t imes 

a r e  requi red .  However, t he  s c a l e s  spa l l ed  ex tens ive ly  dur ing  cool ing  

and were extremely s e n s i t i v e  t o  thermal shock. 

X-ray images of: the  s c a l e  formed on Ni-20Cr-1Si a r e  shown i n  

F ig .  3 1 .  The d iscont inuous  na ture  of the  SiO, f i l m  is  r e a d i l y  apparent .  

Line t r anve r ses  ( F i g .  32) a l s o  p o i n t  out  the  presence of SiO,. 

p a r t i c l e  of s p i n e l  e x i s t e d  i n  the  Cr,O, l ayer ;  t h e  o u t e r  l a y e r  of N i O  

spa l l ed  during coolirlg.  

A s m a l l  
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BACK-SCATTE RED 
ELECTRON IMAGE 

Ni-Ka 

X-RAY IMAGE 

Cr-Ka 

X-RAY IMAGE 

Si-Ka 

X-RAY IMAGE 

FIGURE 31 ELECTRON MICROPROBE ANALYSIS OF SCALE FORMED ON Ni-20Cr-ISi 
OXIDIZED 2 WEEKS AT 1200°C 
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TA-7359-72 

FIGURE 32 CONCENTRATION PROFILES IN SCALE 
FORMED ON Ni-20Cr-1Si OXIDIZED 
2 WEEKS AT 12OO0C 
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DISCUSSION 

Nickel  Alloys 

The r e s u l t s  of X-ray d i f f r a c t i o n ,  metallography, and e l e c t r o n  

microprobe ana lyses  can be combined t o  g ive  ari o v e r a l l  p i c t u r e  of t h e  

ox ida t ion  behavior of Ni -BOCr  and of the  e f f e c t  of s i l i c o n  and manganese. 

I n  the  ox ida t ion  of Ni-20Cr, t h e  f i r s t  oxide t o  form is N i O .  This  

may seem s u r p r i s i n g  i n  view of t he  much higher  r e a c t i v i t y  of chromium 

toward oxygen than  t h a t  of n icke l ,  but  the  amount of n i cke l  so  over- 

whelms t h e  amount of chromium t h a t  N i O  forms i n i t i a l l y .  This f a c t  has 

been e s t a b l i s h e d  beyond doubt by X-ray d i f f r a c t i o n  of f i l m s  formed 

dur ing  s h o r t  ox ida t ion  peyiods.  

N i O  i s  not a very p r o t e c t i v e  axide compared t o  Cr,O, (a l though 

N i O  i s  cons iderably  more ppotec t ive  than COO bn c o b a l t  a l l o y s ) ,  and 

t h e  i n i t i a l  ox ida t ion  r a t e  i s  f a i r l y  high. However, t he  formation 

of N i O  i s  accompanied by ah enrichment of t he  s u b s t r a t e  i n  chromium 

immediately below t h e  NiO f i lm .  

oxidized i n  t h i s  zom! t o  form a cont inuous f i l m  of Cr,O,. Twenty per- 

cen t  chromium is above the c r i t i c a l  composition necessary t o  form a 

continuous l a y e r  by i n t e r n a l  ox ida t ion  a t  temperatures above a t  l e a s t  

The chromium i s  then p r e f e r e n t i a l l y  

900°C. 

seen i n  Fig.  33.  A t  the lower temperature d i s c r e t e  p a r t i s l e s  of 

Cr,O, form and even tha l ly  coa lesce  i n t o  a continuous f i lm .  However, 

the  bulk of t h i s  work was performed a t  higher  temperatures,  a t  which 

the continuous f i l m  was the  r u l e .  

This  i s  not tkue a t  lower temperatures,  - s a y  600'C as can be 

Once the  Cr,O, f i l m  had formed, i t  thickened slowly with inc reas ing  

time. The s o l u b i l i t y  of n i c k e l  i n  Cr,O, is  very small ,  and very l i t t l e  

d i f f u s i o n  of n i cke l  occurred through t h e  Cr,O, l a y e r .  Thus, t h e  

f u r t h e r  growth of N i O  was e f f e c t i v e l y  ha l ted ,  and ox ida t ion  proceeded 

mainly by a d d i t i o n a l  C r 2 0 ,  formation.  
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FIGURE 33 DISCRETE PARTICLES OF Cr203 FORMED BY INTERNAL OXIDATION 
BENEATH EXTERNAL SCALE ON Ni-20Cr OXIDIZED 40,000 MINUTES 
AT 600°C 
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However, a composite l aye r  of N i O  ad jacent  t o  Cr ,03  i s  thermo- 

dynamically uns tab le  a t  high temperatures,  and the  fol lowing r e a c t i o n  

occurs  : 

N i O  + Cr,O, = N i C r , 0 4  

The product i s  a s p i n e l  t h a t  forms a t  t he  expense of t he  N i O .  Addi- 

t i o n a l  Cr,O, forms a t  the  oxide-metal i n t e r f a c e .  Eventual ly  a l l  t he  

N i O  i s  consumed, i f  t he  ox ida t ion  i s  c a r r i e d  out  f o r  s u f f i c i e n t l y  

long t imes.  The s c a l e  s t r u c t u r e  w i l l  u l t i m a t e l y  be an o u t e r  l a y e r  of 

s p i n e l  and an inne r  iaysr- of Cr,O,. The s p i n e l  l a y e r  should reach 

some l i m i t i n g  th ickness  r e l a t e d  t o  the  amount of N i O  t h a t  i n i t i a l l y  

formed and t h e  d e n s i t i e s  of the  compounds. 

The formation of s p i n e l  i s  con t r a ry  t o  what Wood e t  a l .  have 

r e p o r t e d . 5 J 6  

of s p i n e l ,  and they  concluded t h a t  t he  p ro tec t iveness  of the  f i l m  on 

N i - C r  a l l o y s  w a s  d e f i n i t e l y  a s soc ia t ed  wi th  t h e  presence of Cr,O, and 

not w i th  the  presence of a s p i n e l .  Although Wood e t  a l .  d i d  not 

observe s p i n e l ,  they  do acknowledge t h a t  i t s  formation is  thermodynami- 

c a l l y  poss ib l e .  There w a s  no f u r t h e r  d i scuss ion  of the  s p i n e l  formation 

i n  t h e i r  proposed ox ida t ion  mechanism. 

Thei r  e l e c t r o n  microprobe ana lyses  showed no evidence 

Sp ine l  formation w a s  not l i m i t e d  t o  t h e  o u t e r  p a r t  of t h e  s c a l e  

on top  of t h e  Cr,O, l aye r .  A trace of s p i n e l  was a l s o  observed i n  

Ni-20Cr a t  t he  sca l e -a l loy  i n t e r f a c e  ( F i g .  23b) .  This  observa t ion  

a l s o  c o n t r a d i c t s  Wood's statement ,  

al loy-oxide i n t e r f a c e  i s  never reduced s u f f i c i e n t l y  f o r  chemical t r ans -  

formation of t he  C r , 0 3  t o  NiCr,O,  by the  underlying al loy."* Sp ine l  

formation was not t oo  preva len t  a t  the  oxide-metal i n t e r f a c e  i n  t h i s  

study, but i t  d id  occur,  and i n  p a r t i c u l a r  was very ex tens ive  i n  the  

a l l o y s  conta in ing  3% manganese. 

thermodyqamic c a l c u l a t i o n s  of Birks  and Ricker, '  who ca l cu la t ed  t h a t  

"The chromium concent ra t ion  a t  t he  

Wood's s ta tement  w a s  based on the  
i 

*Wood's observa t ions  were f o r  ox ida t ion  t i m e s  gene ra l ly  less than  100 
hours.  
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The chromium value  must f a l l  t o  1 .4  x $ before  s p i n e l  formation 

could occur .  A s  w i l l  be shown subsequently,  t h e  s p i n e l  does p lay  an 

important r o l e  i n  t h e  ox ida t ion  of N i - C r  a l l o y s ,  and the  r e s u l t s  of 

t h i s  s tudy do not  confirm t h e i r  conclusion t h a t  t he  p ro tec t iveness  

stems s o l e l y  from C r 2 0 3 .  

The r e l a t i v e l y  th i ck  s p i n e l  l a y e r s  a t  t he  e x t e r i o r  scale r e s u l t  

from t h e  f i n i t e  th ickness  of t he  X i 0  l a y e r  from which the  s p i n e l  forms, 

Armijo8 showed t h a t  t he  r a t e - c o n t r o l l i n g  s t e p  i n  s p i n e l  formation from 

a couple of N i O  and Cr ,03  was d i s s o l u t i o n  of chromium i n  N i O .  Chromium 

d i f f u s i o n  i s  of t h e  same order  of magnitude as n i c k e l  d i f f u s i o n  i n  N i O .  

I f  t he  N i O  l ayer  is  la rge ,  chromium d i f f u s e s  f u r t h e r  away from t h e  

i n t e r f a c e ,  and no apprec iab le  bui ldup of chromium occurs .  Spine l  cannot 

form u n t i l  a c r i t i c a l  value of chromium has been e s t ab l i shed  i n  the  

N i O  a t  the  i n t e r f a c e .  Th i s  behavior i s  analogous t o  the  ox ida t ion  

behavior of t h e  Group IV-A elements t h a t  e x h i b i t  extremely high oxygen 

s o l u b i l i t i e s .  No e x t e r n a l  oxide l a y e r  forms u n t i l  t he  oxygen conceo- 

t r a t i o n  i n  the  s u b s t r a t e  reaches the  c r i t i ca l  value.  The t i m e  t o  

e s t a b l i s h  t h i s  value i s  p r imar i ly  a func t ion  of t he  oxygen d i f f u s i v i t y  

i n  t h e  metal.’ 

The Ef fec t  of Mn. The add i t ion  of manganese t o  the  a l l o y  has 

l i t t l e  e f f e c t  a t  the  1% l e v e l ,  but  a t  t he  3% l e v e l  a cons iderable  

d i f f e r e n c e  i n  t h e  s c a l e  s t r u c t u r e  i s  noted. Manganese i s  a s t rong  

s p i n e l  former, and i ts  presence r e s u l t s  i n  t h e  formation of a dense, 

continuous s p i n e l  l aye r  between the metal  and the  C r 2 0 3 .  I t  i s  a l s o  

i n t e r e s t i n g  t o  note  t h a t  t h e  ox ida t ion  r a t e  a t  1000°C and l l O O ° C  i s  

lower f o r  t he  Ni-20Cr-3Mn a l l o y  than  f o r  e i t h e r  Ni-2OCr or Ni-20Cr-1Mn. 

A l l  t h r ee  of t hese  a l l o y s  have Cr,O, layers i n  the  s c a l e  t h a t  a r e  con- 

t inuous.  However, t h e  a l l o y  ox id iz ing  t h e  s lowest ,  Ni-20Cr-3Mn, a l s o  

has a continuous s p i n e l  l a y e r  between t h e  metal and the  Cr,O, t h a t  w a s  

e s s e n t i a l l y  a MnCr20, s p i n e l  wi th  very l i t t l e  n i cke l .  The d i f f u s i v i t i e s  

of t he  c a t i o n s  i n  t h i s  s t r u c t u r e  have not been reported,  bu t  on t h e  

b a s i s  of t h e  ox ida t ion  behavior of a l l o y s  e x h i b i t i n g  t h e  MnCr204 layer ,  

t h e  d i f f u s i o n  ra tes  would be expected t o  be low. 
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The rates of s o l i d - s t a t e  s p i n e l  formation of couples c o n s i s t i n g  

of C r 2 0 3  and N i O  doped wi th  1 Mol % MnO were about t he  same a s  those  

f o r  Cr,O, and pure NiO.' Manganese has about t he  same r e a c t i v i t y  toward 

oxygen as does n i cke l ,  and MnO is  isomorphous wi th  NiO;  t he re fo re ,  t h e  

N i O  t h a t  forms i n i t i a l l y  on the  a l l o y s  conta in ing  manganese w i l l  a l s o  

con ta in  MnO. 

N i O  and Cr,O, w i l l  con ta in  manganese a l so ,  as i s  shown by t h e  microprobe 

t r a v e r s e s .  The s p i n e l  t h a t  forms a t  t he  oxide-metal i n t e r f a c e  does 

s o  by r e a c t i o n  of Cr'O, wi th  an a l l o y  s u b s t r a t e  t h a t  i s  h ighly  enriched 

i n  manganese. This  s p i n e l  appears t o  form more slowly than the  o u t e r  

s p i n e l  and its presence w i l l  reduce the  ox ida t ion  r a t e .  The e f f e c t  i s  

not noted i n i t i a l l y  because t h e  o u t e r  two l a y e r s  form f i r s t .  The inne r  

s p i n e l  i s  t enac ious ly  bound t o  t h e  metal; t he  o u t e r  s p i n e l  s p a l l s  r e a d i l y .  

The C r 2 0 3  l a y e r  i s  a l s o  in t ima te ly  bound t o  t h e  inner  sp ine l ,  and even 

though the  o u t e r  s p i n e l  spa l l s ,  ox ida t ion  r e s i s t a n c e  of both the  inne r  

l a y e r s  remains. 

The s p i n e l  t h a t  subsequent ly  forms between the  "doped" 

The ques t ion  of whether t he  s p i n e l  r e a l l y  i s  p r o t e c t i v e  may be 

r e a d i l y  resolved by comparing the values  of the  pa rabo l i c  r a t e  cons tan ts  

f o r  t h e  oxida t ion  of pure chromium (which involves  outward c a t i o n  d i f -  

f u s i o n  i n  C r , 0 3 )  and t h a t  f o r  t he  formation of NiCr ,O, .  

The pa rabo l i c  ra te  cons tan t  f o r  t he  formation of s p i n e l s  i s  given 

by t h e  express  ion  lo- 

4 - -  
k = -  V. CAzADA [ 1 - exp( nAk0/RT) ] 

P 3n A 

where n i s  t h e  dimensionless f a c t o r  t h a t  i s  the  c h a r a c t e r i s t i c  coef- 

f i c i e n t  of t h e  d e f e c t  e q u i l i b r i a  c o n t r o l l i n g  t h e  d i f f u s i o n  mechanism, - + 
V i s  volume of s p i n e l  formed pe r  equiva len t  of A' 

charge of c a t i o n  A, C i s  the  average concent ra t ion  of A' i n  the  s p i n e l  

l aye r  i n  equ iva len t s  pe r  u n i t  volume, D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  

of A'' i n  t he  s p i n e l  i n  equi l ibr ium wi th  AO, and Bo i s  the  f r e e  energy of 

formation of t h e  s p i n e l  from i t s  pure component oxides .  The mechanism 

A 

i s  t h e  absolu te  ' 'A + 

A 

A 
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of s p i n e l  formation pos tu l a t ed  by Wagner" involves  countercur ren t  

c a t i o n  d i f f u s i o n  i n  the  s p i n e l .  The r e a c t i o n s  a re  shown i n  Fig.  34 ,  

The sequence inc ludes  t h e  r e spec t ive  d i s s o c i a t i o n  of t h e  component 

oxides ,  simultaneous countercur ren t  d i f f u s i o n  of 3 A 2  and 2B3 ions 

ac ross  the  s p i n e l  leav ing  excess anions i n  the s t a r t i n g  oxides,  and 

r e a c t i o n  of t h e  2B3 

and r e a c t i o n  of t he  3 A 2  

form 3AB204. 

+ f 

+ 
i ons  wi th  the excess  anions and A 0  t o  form AB204 

+ 
ions  wi th  excess  oxygen anions and B203 t o  

A comparison of t he  experimental ly  determined k f o r  s o l i d - s t a t e  
P 

s p i n e l  growth wi th  the  pa rabo l i c  r a t e  cons t an t  f o r  the  ox ida t ion  of 

pure  chromium (which involves  outward c a t i o n  d i f f u s i o n  i n  C r , 0 3 )  i s  

shown as  a func t ion  of temperature i n  F ig .  35, along with repor ted  

d i f f u s i v i t i e s  i n  t h e  s p i n e l .  The d i f f e r e n c e  between t h e  two k ' s  i s  

about a f a c t o r  of 1000, the  s p i n e l  formation being by f a r  t h e  slower 

process .  

P 

There i s  probably a s l i g h t  d i f f e r e n c e  i n  values  of k f o r  s p i n e l  
P 

formation by r e a c t i o n  of C r 2 0 3  and for s p i n e l  formation by the  r e a c t i o n  

C r 2 0 3  f N i + 0 - 2  = NiCr ,O ,  

Birks  and Richert '  s t a t e  t h a t  t he  f r e e  energy f o r  t h i s  r e a c t i o n  i s  

negat ive j u s t  w i th in  the  metal-inner oxide zone. They a l s o  give the  

r e a c t  ion  

4Cr203 + 3 N i  = 3 N i C r 2 0 4  + 2 Cr 

f o r  which the  f r e e  energy change a t  1000°C i s  + 84,000 cal .  

t h i s  r e a c t i o n  has a p o s i t i v e  f r e e  energy change, t h e  r e a c t i o n  could go 

t o  the  r i g h t  i f  t he  chromium content  were low enough a t  t h e  scale-metal  

i n t e r f a c e .  There was no evidence f o r  a low value of chromium from the 

e l e c t r o n  probe t r ave r ses ;  however, t he  beam s i z e  of approximately 2 

microns could have overlapped such a zone and precluded i t s  i d e n t i f i -  

c a t i o n .  The important f a c t  i s  t h a t  the  s p i n e l  w a s  found a t  t he  scale- 

metal  i n t e r f a c e ,  and even i f  t he  thermodynamics are not p a r t i c u l a r l y  

favorable ,  the  s p i n e l  forms. 

Although 
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A 0  
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B ~ o ~ - +  2 ~ ~ +  + 302- 

3A2+ + 302- + 3B203 -+ 3AB20, 
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FIGURE 34 SPINEL GROWTH MECHANISM 
(Wagner-Schmalzried Model! 
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FIGURE 35 COMPARISON OF VARIOUS 
PROCESSES RELATING TO 
OXIDATION OF Ni-20Cr 
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I t  thus  can be concluded t h a t  t he  presence of manganese i s  gene ra l ly  

b e n e f i c i a l  when it  promotes t h e  formation of an inne r  s p i n e l  l aye r .  

The o u t e r  s p i n e l  l a y e r  i s  gene ra l ly  l o s t  by s p a l l i n g  and o f f e r s  l i t t l e  

p ro t ec t ion ,  b u t t h e  inne r  s p i n e l  i s  t i g h t l y  adherent,  and the  slow ra te  

of i on  t r a n s p o r t  ac ross  t h i s  l a y e r  i nc reases  t h e  ox ida t ion  r e s i s t a n c e .  

The above conclusion is  i n  c o n t r a d i c t i o n  t o  the s ta tment  by 

Evans e t  a1.13 t h a t  s p i n e l s  are riot respons ib le  f o r  low s c a l i n g  r a t e s  

i n  N i - C r  a l l oys .  They a l s o  conclude t h a t  t h e  s p i n e l  e x i s t i n g  i n  the  

s c a l e s  of oxidized Ni-Mn a l l o y s  w a s  not t he  p r o t e c t i v e  l aye r .  However, 

they do not d i s t i n g u i s h  between an ou te r  s p i n e l  s c a l e  t h a t  r e a d i l y  

s p a l l s  and an inne r  s p i n e l  l ayer  t h a t  does not spa11 and t h a t  i s  

respons ib le  f o r  low s c a l i n g  rates. 

The E f f e c t  of Sil-icon. Additions of s i l i c o n  reduced the  r a t e  of 

ox ida t ion  a t  a l l  temperatures,  a l though t h e  f i l m s  formed were very 

suscep t ib l e  t o  s p a l l i n g  upon cool ing  from the  ox ida t ion  temperature.  

Metallographic examination and microprobe t r a v e r s e s  d e f i n i t e l y  es tab-  

l i s h e d  t h a t  a l a y e r  of SiO, ( a l p h a  c r i s t o b a l i t e  form) ex i s t ed  a t  t he  

oxide-metal i n t e r f a c e .  However, as i n  t h e  case  of p l a i n  Ni-20Cr or 

those a l l o y s  conta in ing  manganese, N i O  formed i n i t i a l l y ,  then C r , 0 3  

formed beneath t h e  NiO. The N i O  and Cr,O, reac ted  t o  form an o u t e r  

s p i n e l  l aye r .  The b i g  d i f f e rence  between a l l o y s  conta in ing  s i l i c o n  

and those  conta in ing  manganese w a s  t h a t  those conta in ing  s i l i c o n  d id  

not form an inne r  s p i n e l  l a y e r  but  r a t h e r  formed SiO,. 

The s o l u b i l i t y  of most elements i n  SiO, i s  v i r t u a l l y  n i l ,  and con- 

sequent ly  t h e r e  i s  very l i t t l e  d r i v i n g  fo rce  ( low chemical) p o t e n t i a l  

g rad ien t )  f o r  d i f f u s i o n  of such elements as chromium or n icke l  through 

SiO,. I t  i s  not unreasonable t o  expect t h a t  those a l l o y s  t h a t  a r e  

capable  of forming a continuous,  de fec t - f r ee  f i l m  of SiO, should 

e x h i b i t  a very low ox ida t ion  r a t e .  The only  reason t h a t  the  r a t e s  are 

not lower than  observed i s  t h a t  t h e  SiO, l a y e r  i s  not continuous.  The 

a l l o y  conta in ing  3% s i l i c o n  had a more nea r ly  continuous f i l m  than  the  
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a l l o y  conta in ing  1% s i l i c o n .  

t he  l a t t e r .  I t  thus  appears t h a t  ox ida t ion  r e s i s t a n c e  can be improved 

by s i l i c o n  add i t ions ,  notwithstanding the  f a c t  t h a t  t h e  o u t e r  f i lms  

spa11 ex tens ive ly .  

The former a l s o  oxidized more slowly than  

Cobalt  Alloys 

The ox ida t ion  of Co-2OCr i s  analogous t o  t h a t  of Ni-20Cr wi th  some 

smal l  except ions .  The f i r s t  oxide t o  form i s  COO, which forms a t  a 

r a t e  about 100 t i m e s  f a s t e r  than  the  N i O  formed on Ni-20Cr. A s  i n  the  

case  of n i c k e l  a l loys ,  t h e  s u b s t r a t e  becomes enriched i n  chromium, and 

a l a y e r  of Cr,O, even tua l ly  forms. The main d i f f e r e n c e  between the  

c o b a l t  a l l o y s  and the  n i c k e l  a l l o y s  i s  t h a t  t he  r e a c t i o n  between COO 

and Cr,O, t o  form cobalt-chromium s p i n e l  is  nea r ly  10,000 times f a s t e r  

t han  the  growth r a t e  of NiCr,O, .  The much f a s t e r  r e a c t i o n  ra te  f o r  t he  

c o b a l t  s p i n e l  means t h a t  more s p i n e l  w i l l  form per  u n i t  t i m e  and t h a t  

t h e  Cr ,03  w i l l  be used up f a s t e r  than new Cr ,03  grows. This  s ta tement  

can be v e r i f i e d  by Fig .  36, which compares the  growth r a t e s  of t h e  two 

processes .  The more r ap id  growth r a t e  of s p i n e l  compared t o  Cr,O, means 

t h a t  Cr,O, is  more p r o t e c t i v e  than  CoCr,O,. This  behavior i s  oppos i te  

t h a t  observed i n  the  n i c k e l  a l l o y s .  The t h i c k  s c a l e s  such a s  those 

shown i n  F ig .  12-b and 16 c o n s i s t  of an o u t e r  COO l a y e r  and an inne r  

l a y e r  of s p i n e l  i n t e r s p e r s e a  wi th  COO. There appears t o  be no Cr,O,. 

Ce r t a in  p a r t s  of t he  scales formed on Co-Cr a l l oys ,  a s  ind ica ted  

previous ly ,  a r e  much th inne r  than  o t h e r  p a r t s  on t h e  same sample. The 

above d i scuss ion  p e r t a i n s  only t o  the  t h i c k  po r t ions .  F ig .  20, f o r  

example, c l e a r l y  shows t h e  presence of a continuous l aye r  of Cr,O,. 

The explana t ion  f o r  these  d i f f e r e n c e s  i s  not  c l e a r .  I f  he t e rogene i t i e s  

i n  composition w e r e  considered, t h e r e  should be a c e r t a i n  randomness t o  

t h e  l o c a t i o n  of t h i c k  and t h i n  scales. However, t h e  t h i c k  s c a l e s  were 

always confined t o  the ends of t h e  samples, whereas the  t h i n  po r t ions  

were assoc ia ted  wi th  the  f l a t  su r f aces .  This  observa t ion  leads  one t o  

suggest  t h a t  geometric cons ide ra t ions  apply.  One r ami f i ca t ion  of the  
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sample geometry is t h e  r e s t r a i n t s  o f f e red  by edges and corners  t o  

p l a s t i c  deformation of t h e  oxides .  This  phenomenon has been observed 

ex tens ive ly  i n  the  formation of su lphides  on copper, n i cke l ,  and 

i ron .  1 5 ~ 1 6 ~ 1 7  The same kind of "dog bone" s t r u c t u r e  occurred a s  was 

observed i n  the  oxida t ion  of t h e  cobalt-chromium a l l o y s .  Bas ica l ly ,  

t he  mechanism i s  simply t h a t  t h e  e p i t a x i a l  mismatch stresses a r e  more 

than  s u f f i c i e n t  t o  p l a s t i c a l l y d e f o r m  t h e  s c a l e  over the  f l a t  p a r t s ,  

and consequently t h e  extremely l a r g e  number of c a t i o n  vacancies  cannot 

coa lesce  t o  form voids .  The p l a s t i c  deformation of the  oxide c l o s e s  

t h e  voids  a s  soon a s  they  form. The source of the vacancies  i s  a t  t he  

oxide-gas i n t e r f a c e .  One c a t i o n  vacancy is  created f o r  each anion taken 

i n t o  t h e  scale. The c a t i o n  vacancies  subsequent ly  move inward counter- 

c u r r e n t l y  t o  the  outward f l u x  of c a t i o n s .  

R e s t r a i n t - o f  t h e  oxide a t  t h e  edges prevents  t he  c losu re  of t h e  pores .  

The th ick ,  porous s c a l e  is  t h e  r e s u l t  of increased d i f f u s i o n  of coba l t  

ions  by means of su r face  d i f f u s i o n  on t h e  i n s i d e  su r face  of the  pores .  

The E f f e c t  of Manganese. The compact s c a l e s  formed on manganese- 

conta in ing  a l l o y s  cons i s t ed  of an inne r  and o u t e r  s p i n e l  w i th  a l a y e r  

of Cr,O, between. The s t r u c t u r e  of the  s c a l e s  w a s  analogous t o  t h a t  on 

the  n i c k e l  a l l o y s  wi th  manganese. The inne r  s p i n e l  w a s  r i c h e r  i n  manga- 

nese than  the  o u t e r  s p i n e l .  The inne r  s p i n e l  was not  always present  i n  

the  s c a l e s  of Co-20Cr-3Mn ( F i g .  2 0 ) .  On the  o t h e r  hand, an inner  sp ine l ,  

CoCr,04, sometimes formed on p l a i n  Co-20Cr a l loys ,  and i n  o t h e r  cases  

only the  o u t e r  s p i n e l  was observed on t h i s  a l loy .  

The inf luence  of manganese on t h e  k i n e t i c s  of ox ida t ion  of Co-20Cr 

is not too  c lear  because of t he  ex tens ive  s p a l l i n g  t h a t  occurred during 

t e s t i n g  and t h e  heterogeneous na ture  of the  s c a l e s  formed. However, i f  

one could d i s r ega rd  these  problems, i t  would appear on the  b a s i s  of 

Armijo's  work' t h a t ,  a l though t h e  presence of manganese decreases  the  

s o l i d - s t a t e  growth r a t e  of CoCr,04, i t s  ra te  of growth s t i l l  exceeds 

t h a t  of Cr ,03 .  Thus, t h e  C r 2 0 ,  i s  s t i l l  more p r o t e c t i v e  than  



a s l i g h t l y  doped cobalt-manganese chromium sp ine l ,  and i f  the  doped 

s p i n e l  forms f a s t e r  than the  Cr,O,, t h e  p r o t e c t i v e  l a y e r  of Cr,O, i s  

used up f a s t e r  than  i t  forms. The o v e r a l l  e f f e c t  of manganese i s  nea r ly  

n i l .  I t  i s  conceivable ,  however, t h a t  higher  manganese con ten t s  than 

those  used i n  t h i s  program might prove b e n e f i c i a l  i f  a manganese-chromite 

could form i n  preference  t o  the  doped coba l t  chromite.  

The E f f e c t  of S i l i c o n .  The presence of s i l i c o n  i n  Co-20Cr a l l o y s  

r e s u l t e d  i n  the  formation of Co,Si04 i n  the  s c a l e s  as  was shown i n  

s e v e r a l  of the  micrographs. Furthermore, under c e r t a i n  condi t ions  

i n t e r n a l  ox ida t ion  wi th in  the  a l l o y  a l s o  occurred ( F i g .  15b) .  Generally,  

the scales on these  a l l o y s  were h ighly  i r r e g u l a r  (F ig .  15a) ,  and s p a l l i n g  

was ex tens ive .  

The add i t ion  of s i l i c o n  decreases  the  oxida t ion  r a t e  of Co-20Cr a t  

12OO0C. 

of excess ive  f i l m  s p a l l i n g .  Alloys conta in ing  3$ s i l i c o n  did not e x h i b i t  

the  he te rogenei ty  of t he  s c a l e s  t h a t  the  o the r  a l l o y s  did,  a l though the re  

was s t i l l  a tendency t o  form "dogbone" s t r u c t u r e s .  

The e f f e c t  a t  lower temperatures cannot be determined because 

The apparent decrease i n  ox ida t ion  r a t e  by the  a d d i t i o n  of s i l i c o n  

is  puzzl ing i n  view of t h e  observed e f f e c t  of s i l i c o n  on the  r a t e  of 

formation of CoCr,O,.' 

growth r a t e  occurred when theCoO ( i n  Coo-Cr,O, couples)  was doped wi th  

1.5 mol $I SiO,. The measurements were made a t  f a i r l y  h ig5  temperatures,  

and i t  w a s  noted from the  appearance of t h e  s t r u c t u r e s  t h a t  "the wet t ing  

by the  matr ix  phase sugges ts  t h a t  t h e  s p i n e l  and o r t h o s i l i c a t e  c r y s t a l s  

grew i n  e i t h e r  a l i q u i d  or semi l iqu id  phase." I f  t h i s  were the  case,  

t he  cons iderably  higher  growth ra te  of t he  s p i n e l  could be a t t r i b u t e d  

t o  d i f f u s i o n  i n  a l i q u i d  or "mushy" matrix which would be much more 

rap id  than  s o l i d - s t a t e  d i f f u s i o n .  However, t h e  s t r u c t u r e  of s c a l e s  

formed on coba l t  a l l o y s  conta in ing  s i l i c o n  were d i s s i m i l a r  from the  

s t r u c t u r e  of t h e  s i l i ca-doped  CoO/Cr,O, couple r e a c t i o n  zone. This  

i n d i c a t e s  t h a t  t he re  was no l i q u i d  phase p re sen t  during oxida t ion .  The 

A one t o  two o rde r  of magnitude increase  i n  
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higher  temperatures  employed i n  the  s p i n e l  work and the  f a c t  t h a t  a 

e u t e c t i c  e x i s t s  a t  137OOC i n  t h e  Coo-SiO, system ( t h e  e u t e c t i c  tempera- 

t u r e  f o r  t he  t e r n a r y  system Coo-Si0,-Cr,O, would probably be even lower) 

account f o r  t he  much more r ap id  formation of s p i n e l  and s i l i c a t e  i n  the  

d i f f u s i o n  couples  than  i n  t h e  oxide s c a l e s .  

The slower ox ida t ion  r a t e  of Co-20Cr  conta in ing  s i l i c o n  compared t o  

t h a t  of e i t h e r  p l a i n  Co-2OCr or Co-2OCr wi th  manganese is  most l i k e l y  

due t o  the  presence of t h e  t h i n  l a y e r  of Cr,O, shown i n  F ig .  15. This  

scale i s  p r o t e c t i v e  a t  t he  ox ida t ion  temperature,  but the  looseness  of 

t he  undulat ing l a y e r  g ives  rise t o  excess ive  s p a l l i n g .  
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